A direct injection gas chromatography method was developed for the determination of triethylamine and dimethyl sulfoxide (DMSO) in a drug substance (ML-189). Matrix effects were found to result in the overestimation of DMSO when methanol was used as diluent. Multiple approaches to eliminate matrix effects were unsuccessful; these included changes in sample size, split ratio, injector temperature and injector liner (e.g., deactivated liner). Ultimately, matrix effects were eliminated after the diluent was changed from methanol to acetone. A mechanism was proposed and discussed.
Introduction
Triethylamine (TEA) and dimethyl sulfoxide (DMSO) are used in the manufacturing process of the active pharmaceutical ingredient ML-189. As per veterinary international conference on harmonization (VICH) guidelines (1), these residual solvents should be controlled to ensure the safety and quality of the finished product. An accurate and sensitive analytical method must be developed to determine TEA and DMSO in the drug substance.
Static headspace gas chromatography (GC) (2), due to its low sample matrix interference and high sensitivity, has been the preferred methodology for detecting volatile compounds in drug substances and drug products (3) (4) (5) (6) (7) (8) . However, carryover generally occurs for TEA in headspace GC (9) . DMSO, due to its low vapor pressure and high solubility for organic compounds, is usually used as the diluent in headspace GC. It is known to co-elute with other solvents commonly used in headspace GC, such as dimethylformamide (DMF), N, N-dimthylacetamide and benzyl alcohol (7, 10) . Therefore, direct injection GC is the preferred method to determine TEA and DMSO.
Matrix effects are common phenomena in environmental and food analysis when detecting pesticide residues in fat, oil, food and milk. For the first time, Erney et al. (11) studied and reported in detail the matrix-induced overestimation of organophosphorus pesticides and proposed the mechanism of matrix effects. It was stated that the sample matrix protects the analytes from thermal decomposition or blocks them from adsorption to the active sites of the GC system, primarily inside the injector liner. Thermolabile compounds or polar compounds that are capable of hydrogen bonding tend to have matrixinduced chromatographic enhancement. Sousa Freitas and other researchers (12 -14) also reported matrix effects during pesticide residue analysis; Hajsˇlova and Zrostlı´kova´(15) summarized matrix effects in the analysis of pesticide residues in food and biotic matrices. In their review, the natures of various types of matrix effects were discussed in detail, together with the prevention, reduction and compensation of their occurrence in complex sample matrices. However, reports on drug matrix effects in the determination of residual solvents are rare. Kersten (16) reported a study on matrix effects in the GC determination of residual solvents in drug substances. In his study, 22 residual solvents were studied in three different drug substances (acidic, basic and neutral), and it was claimed that no matrix effects were observed.
A preliminary direct injection GC method was developed using an Agilent DB-624 column (stationary phase: 6% cyanopropylphenyl -94% dimethylpolysiloxane; 30 m Â 0.53 mm i.d., 3.0 mm film thickness) with methanol as diluent: 1 mL of the solution was injected into a GC system with a split ratio of 1:5 and detected by a flame ionization detector (FID). During evaluation of the method, matrix effects were observed to result in the overestimation of DMSO in spiked sample solutions (approximately 110% of the theoretical value).
In this paper, multiple approaches were employed to overcome the matrix effects, and it was found that changing the diluent can eliminate matrix effects. Thus far, this is the first report on overcoming GC matrix effects in the determination of volatile compounds in drug substances.
Experimental

Chemicals and reagents
Methanol and acetone were purchased from Burdick & Jackson. TEA and DMSO were purchased from Sigma-Aldrich. All solvents were .99.5% purity. The ML-189 used in this study was provided by Merial Limited.
Instrumentation and data acquisition
The GC system was an Agilent GC 7890 equipped with an FID detector and a direct injection autosampler. Data acquisition and processing were accomplished using TotalChrom software (version 6.2.1). Table I shows the chromatographic conditions.
Preparation of standard and sample solutions Working standard solutions were prepared by dissolving appropriate amounts of TEA and DMSO in diluent (methanol or acetone) to reach 100% of concentrations at their specification limits. The specification limit is 5,000 ppm in ML-189 for both TEA and DMSO. Concentrations of both TEA and DMSO in working standard solutions were 0.25, 0.125 and 0.075 mg/mL, respectively, for 500, 250 and 150 mg sample sizes.
Spiked sample solutions were prepared by dissolving approximately 500, 250 or 150 mg of ML-189 in 10 mL of corresponding working standard solutions.
Sample solutions were prepared by dissolving approximately 500, 250 or 150 mg of ML-189 in 10 mL of diluent.
GC analysis
For GC analysis, a portion of each solution was transferred into a crimp-top vial with a fixed insert (Agilent part number 9301-1388), and the vial was closed with a PTFE/rubber crimp cap (Agilent part number 5061-3370). One microliter of each solution was injected into the GC system. Data were acquired and processed by TotalChrom software (version 6.2.1).
Evaluation
Six spiked sample solutions were injected between two working standard solutions to evaluate recoveries. Sample solutions were injected to determine the concentrations of TEA and DMSO present in the samples. Recoveries of the analytes were calculated using the following formula:
where Ass ¼ peak area of analyte in spiked sample solution; Aspl ¼ peak area of analyte in sample solution; Wss ¼ weight of sample in spiked sample solution; Wspl ¼ weight of sample used in sample solution; Astd ¼ average peak area of analyte in bracket working standard solutions; Cstd ¼ concentration of analyte in working standard solution; Vss ¼ volume of spiked sample solution; Vstd ¼ volume of working standard solution used in the spiked sample solution.
For each condition, six spiked sample solutions were prepared and analyzed. The relative standard deviations (RSDs) of the recoveries from the six preparations were calculated to demonstrate the precision of the results.
Results and Discussion
Overcoming matrix effects Chromatographic conditions are described in Table I . Initially, methanol was used as the diluent and the working standard solution was prepared based on a sample size of 250 mg. There were no interfering peaks at the retention times of TEA and DMSO in the diluent and no carryover for both TEA and DMSO in the diluent injection after working standard solution injections. Figure 1 shows representative chromatograms using methanol as diluent. Recoveries of TEA were close to 100% of theoretical value. However, 110% recoveries were found for DMSO (Table II: 250 mg sample). This phenomenon indicated the presence of matrix effects.
ML-189 is a polar compound; it is an oxime derivative that contains carbonyl and hydroxyl groups. The melting point of ML-189 is more than 3008C. According to the mechanism proposed by Erney et al. (11) , the recovery of DMSO can be enhanced by two pathways: (i) DMSO decomposes in working standard solutions at high temperature; in the spiked sample solutions, the presence of ML-189 prevents DMSO from thermal decomposition, which results in recoveries of .100%; (ii) ML-189 blocks the active sites within the GC inlet and results in more free DMSO molecules in the spiked sample solution than in the working standard solution. The active sites may be the free silanol groups inside the liner, trace metals possibly present in the GC injector, or even the residue from the sample matrix.
To overcome matrix effects, the most commonly used approach is to prepare sample and standard solutions using the same matrix, which, in this case, means preparing standard solutions with the presence of the same amount of drug substance as free TEA and DMSO. However, this procedure is inconvenient and uncommon in pharmaceutical analyses. Another approach is to eliminate active sites in the liner or decrease sample concentration. It is only theoretically viable to make the liner free of active sites, because of the unavailability of commercial inert materials that can sustain long exposures to high temperatures. Two types of liners, non-deactivated straight tubes with glass wool and deactivated low pressure liners, were evaluated for liner effects. To investigate the effect of sample size, working standard solutions were prepared based on different sample sizes, and different split ratios were also studied.
To investigate whether DMSO decomposition was the reason, recoveries of DMSO and TEA under different injector temperatures were studied. The results of these investigations are summarized in Table II .
During the study, one parameter was changed under each condition while the other parameters were kept constant, as listed in Table I . Six replicate determinations were made under each condition. For DMSO, the mean recovery under each condition ranged from 109 to 116%. No significant differences were observed among the recoveries for different sample sizes (500, 250 and 150 mg). Considering the sensitivity of the method, smaller sample sizes were not investigated. Increasing the split ratio from 1:5 to 1:10 did not reduce the recoveries of DMSO to normal range, which is as predicted because the injected amount into the GC inlet was the same. A change of split ratio only affected the signal intensity of the analytes, and the amount of injected sample matrix remained the same. The matrix effects did not get weaker when a deactivated liner was used. The mean recovery was 111%, which was the same as the mean recovery using the initial non-deactivated liner. This result showed that the cause of the matrix effects could not be reduced by using a deactivated liner, and further proved that even deactivated liners are not free of active sites (15) . For TEA, the mean recovery in each condition varied from 99-102% and was within normal range (80-103%) (11, 17) . At three different injector temperatures, the recoveries of DMSO were reduced from 116 to 109% as the injector temperature was changed from 280 to 2208C. However, even at the injector temperature of 2208C, recoveries of DMSO were still approximately 110%. These results indicated that even DMSO decomposes at high temperatures; thermal decomposition is not the primary reason for the overestimation of DMSO. The boiling point of DMSO is 1898C. If the injector temperature is too low, DMSO in the sample matrix may not vaporize completely before it is transferred into the column. Therefore, lower injector temperatures were not investigated.
Of all of the preceding approaches, only decreasing the injector temperature reduced matrix effects to some extent, and none of the approaches could completely eliminate matrix effects and reduce the recoveries of DMSO to normal range.
According to the literature (11, 15) , polar compounds that have carbonyl, organophosphate or amino groups and are capable of hydrogen bonding tend to have matrix effects in GC analysis. They are easily adsorbed inside the GC inlet, which )   1  114  114  116  115  111  109  117  2  113  112  114  115  111  110  116  3  114  110  113  114  110  108  115  4  112  110  114  114  112  109  115  5  113  110  112  114  110  111  115  6  113  111  114  114  110  109  116  Mean  113  111  114  114  111  109 results in matrix effects. The matrix effects in this study could be attributable to the high polarity and hydrogen bonding capability of DMSO; therefore, DMSO is easily adsorbed inside the GC inlet. When the spiked sample solution was injected, the active sites of the GC inlet were blocked by the drug substance and resulted in more free DMSO molecules than the working standard solution, and thus a recovery of higher than 100%. TEA had no matrix effects under each condition in this study. In this study, the possible reason is that TEA has much less hydrogen bond forming ability and is less polar than DMSO; therefore, TEA is not as easily adsorbed to the active sites inside the GC inlet as DMSO.
Another approach evaluated in this study was to change the sample diluent. If a solvent has adsorption ability that is similar to or stronger than DMSO on the active sites of the GC inlet, the vast majority of the diluents' molecules may block the active sites, and DMSO molecules will not be significantly adsorbed. Acetone has a similar structure to DMSO; the sample has good solubility in acetone, and the retention time of acetone is not close to any of the analytes when using the same chromatographic conditions as described in Table I . Therefore, acetone is a good candidate to replace methanol. Figure 2 shows representative chromatograms using acetone as diluent. Solutions were prepared based on 250 and 150 mg sample sizes, and recoveries of TEA and DMSO are summarized in Table III. According to the results listed in Table III , recoveries of TEAand DMSO at both sample concentrations ranged from 94-102% and were within an acceptable range. Matrix effects were eliminated by using acetone as the diluent. A possible mechanism of this matrix effect is attributable to the similarity in structure between acetone and DMSO; the active sites of the GC inlet were saturated with acetone molecules because of its excess compared to DMSO. The adsorption of DMSO toward the active sites was minimized in both working standard solutions and spiked sample solutions, which provided better recovery and accuracy of DMSO.
Method validation
Recoveries of TEA and DMSO were slightly better when the 150 mg sample was used. However, considering the sensitivity of the method, a sample size of 250 mg was selected in the final method. The final method was validated per VICH requirements (18) and was proven to be accurate, precise, specific, linear, robust and sensitive.
Specificity
The specificity of the method was evaluated by injecting one blank (acetone) solution, one working standard solution and one sample spiked with working standard solution. No interference peaks were observed at the retention times of TEA and DMSO in the blank solution injection. In the spiked sample solution, the resolution between DMSO and its adjacent peak was 6.2 and no adjacent peak was detected for TEA. 
Linearity
The linearity of the method was assessed by using standard solutions at 50, 80, 100, 150 and 200% levels of the specified concentrations for both TEA and DMSO. Linear regression was performed between concentration and peak area. The correlation coefficient (R) was 1.00 for both TEA and DMSO.
Accuracy
The accuracy of the method was assessed by spiking TEA and DMSO into ML-189 drug substance so that their concentrations reached levels of the specified concentrations of 50% (three preparations), 100% (six preparations) and 200% (three preparations). Due to the possible presence of TEA and DMSO in the drug substance used in the validation, the amounts of TEA and DMSO in ML-189 were determined in triplicate. The averages were used as the concentrations of TEA and DMSO in the drug substance. The accuracy of the method was demonstrated with the recovery. At 50, 100 and 200% of working standard concentration levels, TEA recoveries ranged from 97 to 98% and DMSO recoveries ranged from 93 to 96%.
Precision
The precision was evaluated with repeatability and intermediate precision. The repeatability was assessed by evaluating the recoveries and RSD of recoveries for TEA and DMSO at a level of 100%. Six preparations at 100% level of the specification concentrations in accuracy were used to demonstrate repeatability.
For the intermediate precision study, a second analyst performed a repeatability study independently on a different day by using a different instrument and a different GC column. The mean value and RSD of the recoveries were reported. The mean recoveries for TEA and DMSO from the second analyst were 99 and 98%, respectively.
Sensitivity and robustness
The quantitation limit (QL) of the method was determined by injecting diluted standard solution; the signal-to-noise (S/N) ratio of the QL solution should be at least 10. The QL of the method was 51 ppm for TEA and 49 ppm for DMSO. A robustness study was conducted by deliberately changing some of the chromatographic parameters, such as initial oven temperature and flow rate. One standard solution was analyzed under each condition and compared to the result under normal method conditions. No critical parameters were identified and the method was proven to be robust.
Conclusion
A direct injection GC method was developed for the determination of TEA and DMSO in the drug substance ML-189. During development, the recoveries of DMSO were higher than normal range because of matrix effects when methanol was used as the diluent. The matrix effects were eliminated by changing the diluent from methanol to acetone, and the mechanism was discussed. The final method was validated per VICH guidelines and the method is able to accurately determinate TEA and DMSO in the drug substance ML-189.
This study also demonstrated that drug matrix effects do exist, although they are not as severe as in environmental and food analyses for pesticide residues.
